During a search to identify resveratrol (3,5,4 0 -trihydroxytrans-stilbene, RV) target genes in the human erythroleukemic K562 cell line, we show here that the tensin gene and protein levels are remarkably induced by this dietary polyphenol. Tensin, a cell-matrix adhesion protein binding the integrins and cytoskeletal actin filaments also interacts with PI3-kinase and JNK signaling pathways. Tensin induction by RV is associated with increased K562 cell adhesion to fibronectin, cell spreading and actin polymerization. The same responses were observed in the tensindeficient MCF7 human breast cancer cell line. In K562 and MCF7 cells treated by RV, tensin was found in punctate and intracytoplasmic areas. In MCF7 epithelial cells, induction of tensin is not exclusively associated with plasma membrane-bound vinculin, suggesting a dual localization of tensin in both focal and fibrillar adhesions. Pharmacological blockade of PI3-kinase and Rho GTPases/Rho-kinase resulted in selective depletion of focal adhesions, disorganization of tensin localization and disruption of stress fibers. RV increased cell motility and attachment to fibronectin in MCF7 cells submitted to mechanical laminar flow stress, and abrogated estrogen-induced MCF7 cancer cell invasion. Our data support the conclusion that induction of tensin by RV contributes to the chemopreventive and anti-invasive activity of this natural dietary compound in tensin-negative and -deficient leukemic cells or epithelioid cancers.
Introduction
Resveratrol (3, 5, 4 0 -trihydroxy-trans-stilbene, RV), a natural food polyphenol, has been described to exert cancer chemopreventive activities by inhibiting the three major stages of carcinogenesis, namely tumor initiation, promotion and progression (Jang et al., 1997) . These properties of RV are associated to direct inhibition of enzymes involved in cell proliferation, such as DNA polymerase and ribonucleotide reductase, which is involved in S-phase entry (Fontecave et al., 1998; Sun et al., 1998) . In addition, RV inhibits tumor growth (Clement et al., 1998) and invasiveness independently of its antiproliferative activity (Dorrie et al., 2001 ). This property is of crucial importance because prevention and eradication of distant metastases is one of the most important challenges for efficient cancer therapy, regarding patient survival and reduction of mortality. In this context, we have previously demonstrated that RV induces a dose-and timedependent inhibition of cell proliferation associated with the erythroid differentiation in the human K562 erythroleukemic cell line (Rodrigue et al., 2001) .
To identify genes regulated by RV in K562 cells, we used the restriction fragment differential display-PCR (RFDD-PCR) methodology and demonstrated that the tensin gene was highly induced by this polyphenol. Such an induction of tensin by RV was also observed in the MCF7 breast epithelial cancer cell line. We next analysed the impact of RV on the organization of the cytoskeleton, cellular adhesion and invasion.
Results

Identification of genes regulated by RV in K562 cells
To isolate and characterize genes that are differentially regulated after 24 h incubation of K562 cells in the presence of 50 mM RV, we used the RFDD-PCR technique. This experiment identified 134 cDNA fragments of 100-750 nucleotides. Among these fragments, 62 were upregulated and 72 downregulated. All the cDNA fragments were excised from the dried gel, amplified by PCR and the sequences were compared with the NCBI nucleic acid database. Some of these genes corresponding to proteins involved in proliferation, cellular signaling, metabolism or adhesion were next examined regarding their expression and regulation by RV, using semiquantitative RT-PCR. These genes showed a maximal twofold variation in their expression levels after RV treatment, except the tensin and the thymosin b10 genes, which were upregulated 15-and 10-fold, respectively ( Figure 1a) . Overexpression of the thymosin b10 gene has been observed in several neoplastic tissues (Santelli et al., 1999) , whereas the tensin gene downregulation was described in prostate and breast cancers (Chen et al., 2000) . Since both thymosin b10 and tensin genes are deregulated in MCF7 cells, we investigated the impact of RV on their expression in this human breast cancer cell line. As shown in Figure 1b , 50 mM RV had no effect on thymosin b10 gene expression in MCF7 cells but induced a robust elevation of tensin transcripts. Thus, we focused our study on the expression profile of tensin in the K562 erythroleukemic cell line and MCF7 breast epithelial cancer cells, regarding their morphology and cytoskeletal organization.
RV increases tensin mRNA and protein synthesis in K562 cells
The kinetics of tensin mRNA expression was studied in K562 cells cultured in the presence or absence of 50 mM RV, using semiquantitative RT-PCR. Tensin mRNA was barely expressed in untreated cells and this low level was maintained during the first hour of treatment (Figure 2a ). In the presence of RV, tensin transcript levels increased 15-fold during the 3-24 h incubation period. When RNAs were prepared from K562 cells cultured for 24 h in the presence of cycloheximide (Figure 2b ), we did not observe any increase in tensin transcript levels, indicating that de novo protein synthesis is required for efficient RV induction of tensin mRNA. As shown in Figures 2c and d , the RV effect was concentration and time dependent, according to 2072-and 3073.4-fold increase in tensin mRNA levels observed in the presence of 100 mM RV after 24 and 48 h incubation, respectively.
To determine whether the tensin mRNA expression level is maintained after RV removal, we treated K562 cells with 100 mM RV for 48 h, and then washed the cells and cultured them in RV-free medium for another period of 24 h (48 h þ 24 h condition). Interestingly, tensin mRNA levels remained at high levels in 48 h þ 24 h-treated cells (Figure 2d ), suggesting persistent upregulation of the tensin gene upon drug removal. Western blot analysis demonstrated that the tensin protein was induced by the 24 h incubation period in the presence of RV ( Figure 2e ). As observed above for the transcript levels, tensin protein signals were maintained at similar levels at 48 h and 48 h þ 24 h.
RV increases K562 cell adhesion and spreading on fibronectin
Since K562 cells treated by RV showed increased expression of tensin, a cytoskeletal protein associated Validation by comparative RT-PCR analysis of the transcripts encoding tensin and thymosin b10 in K562 and MCF7 cancer cell lines, using specific primers. S14 expression was assessed as a loading control. Data are representative of three independent experiments with matrix adhesion and spreading of fibroblasts on fibronectin, we examined the behavior of this leukemic cell line on this substratum. Fibronectin is a bone marrow stromal component interacting functionally with adhesion of hematopoietic stem cells and progenitors. Thus, we performed adhesion studies for 30 min to 18 h, using K562 cells treated by 100 mM RV. As shown in Figure 3a , RV treatment for 24-48 h remarkably increased by 470.4-and 5.570.5-fold the adhesion of K562 cells to fibronectin at 18 h, and this response persisted upon removal of this polyphenol (48 h þ 24 h condition). Concomitant K562 cell spreading was observed (Figure 3b ) as well as changes in morphology, with elongated cell shape being specifically observed during the 48 h and 48 h þ 24 h conditions (Figure 3c ). It is noteworthy that these cellular responses correlate with increased tensin expression. As tensin is implicated in matrix adhesion through a5/b1 integrins, we next analysed their expression levels by flow cytometry analysis. In opposition to tensin, no change in a5/b1 integrin expression was observed under RV treatment (not shown).
RV induces actin polymerization and localization of tensin in cytoplasmic punctate area in adherent leukemic K562 cells
To study the impact of RV on the formation of the actin filament network in spread cells, K562 cells were plated onto fibronectin-coated cover slides. The organization of the actin cytoskeleton was examined by staining with TRITC-conjugated phalloidin. In the absence of RV, no actin filament could be detected, as shown in Figure 4A (panel a). In contrast, a 24 h-incubation with 100 mM RV was sufficient to induce F-actin polymerization ( Figure 4A , panel b). Maximal reorganization of the actin cytoskeleton was observed in spread and unspread K562 cells treated with RV for 48 h or 48 h þ 24 h ( Figure 4A , panels c and d).
To examine the effect of RV on tensin localization, 18 h adherent K562 cells treated with 100 mM RV were analysed by immunofluorescence. Tensin expression was hardly detectable in untreated control cells ( Figure 4A , panel e) and was remarkably induced by RV, as punctate structures in the cytoplasm and plasma membrane of adherent K562 cells, as shown in Figure 4 . The kinetics of cellular tensin accumulation ( Figure 4A , panels f-h) correlates with our RT-PCR data and immunoblot analyses (Figure 2 ). Tensin staining was maximal and persistent during the 48 h or 48 h þ 24 h conditions ( Figure 4A , panels g and h), as observed in K562 cells for actin reorganization, cell adhesion and spreading. As shown in Figure 4B , unless actin which was essentially located at the plasma membrane level ( Figure 4B , panel b), tensin was detected as punctate structures in the cytoplasm and plasma membrane of adherent K562 cells ( Figure 4B , panel d).
RV induces tensin expression, cellular spreading and cytoskeletal changes in the human breast cancer epithelial cell line MCF7
According to the K562 data, MCF7 cells were treated with 100 mM RV. Under these conditions, tensin transcript and protein levels were upregulated 2072-and 1070.8-fold, respectively (n ¼ 3). As described previously for K562 cells (Rodrigue et al., 2001) , RV inhibited MCF7 cell proliferation without deleterious effects on cell viability (not shown). As shown in Figure 5A , cell-cell contacts were frequently observed in control MCF7 cells growing as islands of adjacent epithelial cells with a diffuse actin cytoskeleton and more prominent actin staining at the periphery, including cell-cell junctions (panel a, white arrowhead). In contrast, RV induced a dramatic change on the architecture and morphology of MCF7 cells in culture, associated with extensive cell spreading on fibronectincoated cover slides, as shown in Figure 5A (panel e). The actin microfilament network became prominent and assembled as extended stress fibers. Since focal adhesions, tensin and stress fibers are tightly connected with integrins, PI3-kinase, p130 CAS scaffolds and other signaling elements, including Rho/Rho-kinase (Auger et al., 1996; Salgia et al., 1996; Danen et al., 2002) , we next explored the possibility that pharmacological inhibitors targeting these signaling elements would interfere with cell spreading and stress fiber formation. As shown in Figure 5A (panels f-h), RV-induced cellular spreading was not prevented by LY294002, Y27632 and C3 transferase (C3T), suggesting that the mechanisms leading to cell spreading are not linked to PI3-kinase and Rho/Rho-kinase signaling. Similarly, the stress fiber network was unchanged in the presence of LY294002 in RV-treated cells (panel f). In contrast, Y27632 and C3T, respectively, reduced and disrupted stress fibers formation observed in RV-treated cells ( Figure 5A , panels g and h).
As expected, tensin expression was hardly detectable in control MCF7 cells incubated in the presence or absence of LY294002, Y27632 or C3T ( Figure 5B , panels a-d). Tensin was drastically induced in RVtreated MCF7 cells and appeared densely packed over the MCF7 cell periphery at lamellipodia plasma membrane protrusions and as numerous dots scattered in the cytoplasm ( Figure 5B , panel e), as observed above in K562 cells treated by RV. Most interestingly, the PI3-kinase inhibitor LY294002 drastically inhibited the induction of the tensin protein by RV, and abrogated the punctate localization of tensin at the cell periphery and cytoplasm levels (panel f in Figure 5B ), whereas we can observe only a slight tensin staining as punctate signals in the cytoplasm with the Y27632 and C3T inhibitors (panels g and h).
Since vinculin is a crucial and specific component of focal adhesions (Tikoo et al., 2000) , we next examined the localization of vinculin in RV-treated MCF7 cells. As shown in Figure 6 , RV induced abundant staining of densely packed vinculin in large focal adhesions at the MCF7 cell periphery. Thus, the differential distribution of tensin and vinculin induced by RV in the MCF7 cytoplasm and cell periphery suggests a fibrillar and focal localization of tensin induced by this compound. The selective inhibitors of PI3K, Rho and Rho-kinase downregulated focal adhesion and vinculin staining in both control and RV-treated cells (not shown), suggesting that RV at least in part overcome this pharmacological inhibition.
Increased attachment to fibronectin and abrogation of cellular invasion by RV in MCF7 cells
To explore the functional impact of RV on cellular adhesion, MCF7 cells were plated onto fibronectin matrix, and then exposed to laminar flow stress. As shown in Figure 6b , mechanical flow stress reduced by 3973% the percentage of MCF7 cells still attached to fibronectin. Interestingly, RV treatment preserved the adhesive capacity of MCF7 cells. We next examined the effect of RV on MCF7 cell invasion in the cellular matrix components fibronectin and collagen type I, two majors components of the tumor stroma. RV dose dependently abrogated estradiol-induced MCF7 cell invasion, according to the IC 50 potency of 40 mM (Figure 6c ). Maximal inhibition of the invasive phenotype induced by estradiol occurred at 100 mM, a concentration of polyphenol fully competent to induce the tensin gene and protein in this model. In control experiments, we checked that estradiol did not reverse RV-induced tensin expression. Cells treated under the 48 h þ 24 h condition with RV were allowed to adhere and spread for 18 h on fibronectin and were stained with phalloidin or tensin antibodies. The nuclei were depicted using DAPI staining (insets in the right bottom of each panel). Bar, 10 mm
Discussion
In this report, we demonstrated that the antioxidant compound RV induced the expression of tensin in human erythroleukemic and breast epithelial cancer cells. We have therefore identified a potential new mechanism underlying the chemopreventive properties of RV on tumor progression through tensin induction, restoration of cell-matrix adhesion and inhibition of the invasive potential in tensin-deficient tumor cells.
RV, a natural polyphenol present in grapes and wine, has been described to possess anticancer activity in hematological and solid tumors (Clement et al., 1998; Dong, 2003) . The cancer chemopreventive actions of RV were linked to its protective role against oxidative stress, inflammation and activation of carcinogens (Uenobe et al., 1997; Wang et al., 1999) . Moreover, RV has been shown to suppress the growth of transformed cells through induction of apoptosis, autophagocytosis and inhibition of cell proliferation (Ahmad et al., 2001; -Guisado et al., 2002; Fulda and Debatin, 2004; Opipari et al., 2004) . Accordingly, we have previously demonstrated that RV inhibits cell proliferation in the p53-deficient erythroleukemic K562 cell line, accompanied by induction of p21 waf1 and erythroid differentiation, without significant cell death (Rodrigue et al., 2001) . MCF7 cell viability was also preserved in p53-proficient MCF7 cells treated with 50 and 100 mM RV. According to our data, Fulda et al. recently demonstrated that RV exerts a low cytotoxicity as single agent and strongly inhibits cell proliferation via p53-independent induction of p21 in SHEP neuroblastoma cells (Fulda and Debatin, 2004) . Other reports indicate that RV did not induce significant apoptosis or cytotoxic effects under cytostatic conditions determined at the 25-100 mM RV concentration range (Schneider et al., 2000; Mahyar-Roemer et al., 2001; Park et al., 2001; Tinhofer et al., 2001) . As confirmed by Ferry-Dumazet, we observed that p53-deficient K562 cells underwent apoptotic cell death (3675.2%) after 3 days of treatment with 50 mM RV (not shown), but not after 48 h (673.9%) (Rodrigue et al., 2001; Ferry-Dumazet et al., 2002) . Recently, Howitz suggested that the dichotomy in the literature regarding the effects of RV on cell viability are, at least in part, linked to the activation of the sirtuin Sirt-1 protein deacetylase implicated in cell survival through p53-dependent mechanisms (Howitz et al., 2003) . Indeed, opposing effects of RV on cell survival, p53 stability and activity are dependent on RV concentrations since 0.5 mM RV increased human HEK cell survival after ionizing irradiation, while higher RV concentrations (>50 mM) reversed this effect. Moreover, Sirt-1 displays deacetylase activity on histones, suggesting that RV can mediate tensin gene derepression through this mechanism. Generally, acetylation of nuclear histones or sequence-specific transcription factors can be associated with transcriptional activation or repression in some cases. In order to explore this possibility, K562 cells were treated with the histone deacetylase inhibitor tricostatin (TSA), either alone or combined with RV. Interestingly, TSA induced tensin transcript accumulation and failed to reverse or potentiate RV-mediated accumulation of tensin transcripts (not shown), suggesting that the histone acetylation status mediates some aspects of tensin gene expression by RV in tensin-deficient cancer cells and other pathophysiological situations.
Pozo
The mechanisms underlying the chemopreventive and therapeutic potential of RV are not fully understood. Our initial goal was to identify the RV target genes and mechanisms implicated in its antineoplastic activities. Using RFDD-PCR, we identified several genes upor downregulated in K562 cells. As expected, those implicated in cell proliferation (RNA polII transcription factor, histones, ribosomal genes) were downregulated (Rodrigue et al., 2001) . Most interestingly, tensin and thymosin b10 genes were highly upregulated in K562 cells. Deregulation of the tensin and thymosin b10 genes was frequently observed in human tumors and cancer cell lines. In this report, we demonstrated that RV also induced a robust derepression of the tensin gene in tensin-deficient human MCF7 cells, whereas thymosin b10 gene expression was unaffected in this epithelial breast cancer model.
Thymosin b10 is a small actin-binding protein induced by differentiating agents in neuroblastoma cell lines (Hall et al., 1991; Huff et al., 2001) . Interestingly, RV also induced erythroid differentiation in K562 cells (Rodrigue et al., 2001) , suggesting that induction of thymosin b10 by RV can also be implicated in the differentiation and spreading of K562 cells. In addition, Figure 6 RV increased focal contacts and cellular adhesion after mechanical flow stress, and inhibited cellular invasion in MCF7 cells. After spreading on fibronectin, MCF7 cells were cultured for vinculin in the presence or absence of 100 mM RV, and then stained for vinculin (a, arrowheads indicate focal adhesions) or submitted to technical flow stress for 1 h (b). Bar, 30 mm. The remaining attached cells were then photographed and quantified. Note MCF7 cell spreading in RV-treated cells. Invasion of fibronectin/collagen type I gels by MCF7 cells was induced by 10 À7 M estradiol and was dose dependently blocked by increasing concentrations of RV (c). All data are representative of at least three independent experiments thymosin b4, which is described to be functionally identical to thymosin b10 (Yu et al., 1993) , is also increased in K562 cells during erythroid differentiation induced by hemin or cytosine arabinoside, and can be considered as a differentiation marker for hematopoietic cells (Shimamura et al., 1990) . Thymosin b10 was shown to be associated with actin depolymerization by sequestration of actin G monomers, this mainly in epithelial cell lines. Moreover, in epithelial lung and breast cancer cells, thymosin b10 levels correlate positively with the metastatic activity, suggesting that RV may decrease thymosin b10 levels induced by proinvasive signaling pathways. Surprisingly, no changes in thymosin b10 gene expression was observed in RV-treated MCF7 cells. Similarly, the anticancer drugs cisplatin and 5-FU had no impact on thymosin b10 mRNA levels in MCF7 cells, whereas tamoxifen reduced thymosin b10 expression (Otto et al., 2002; Maxwell et al., 2003) .
Tensin is a typical actin-binding protein acting as a bridge between actin and focal adhesions. A lack of tensin expression in prostate and breast cancers has been reported by Chen et al. (2000) , suggesting that downregulation of tensin expression is a functional marker of cell transformation. In this report, we demonstrate that the tensin gene was highly upregulated in K562 leukemic cells and in the human breast cancer epithelial cell line MCF7. In addition, the retrieval of RV from K562 cell cultures is associated with a remarkable persistence of high tensin levels. Given the widespread importance of tensin as a link between the extracellular matrix (ECM) and cytoskeletal actin filaments, and as a signaling molecule (Chen et al., 2002) , we further investigated the impact of RV and tensin induction on cellular adhesion, cytoskeletal organization, and invasiveness of human leukemic and breast cancer cells.
Among the most important hallmark of the transformed phenotype is the severe disruption of the actin cytoskeleton linked to the transcriptional deregulation of actin-associated proteins in cancer cells (Button et al., 1995; Entschladen and Zanker, 2000) . We show in this report that adherent RV-treated K562 cells displayed a remarkable reorganization of the actin cytoskeleton, which was not associated with the formation of stress fibers commonly described in fibroblasts and epithelial cells (Levesque and Simmons, 1999) , as observed here in MCF7 cells. Such an F-actin network formation in RV-treated K562 cells can be associated with increased expression of thymosin b10 through promotion of actin filament assembly, cell spreading and stronger substrate adhesion (Sun et al., 1996; Golla et al., 1997) .
To our knowledge, there is no data available on the structure and molecular composition of the ECM adhesion sites in normal and leukemic blood cells. The K562 cell line is derived from a patient with chronic myelogenous blast crisis leukemia (Drexler et al., 1999) . In bone marrow, hematopoietic stem cells adhere to the stroma via several matrix proteins, including fibronectin. Myelogenous leukemia was described to be linked to defective adhesiveness to the stroma, leading to premature cell release in blood (Gordon et al., 1987; Salesse and Verfaillie, 2002) . We demonstrate here that RV induced a dramatic and persistent increase of tensin levels and adhesion in K562 cells plated on fibronectin and no change in a5/b1 integrin levels, suggesting that this polyphenol may overcome the defective adhesiveness of leukemic cells in bone marrow, through tensin induction. Accordingly, the F-actin network appeared as dense areas subjacent to the K562 plasma membrane, as described in adherent CD34
þ peripheral blood stem cells after their attachment to fibronectin (Levesque and Simmons, 1999) . Our data suggest that tensin might be implicated in the adhesion of hematopoietic cells to fibronectin in the bone marrow. On the other hand, we showed that RV can drastically restore actin stress fibers in MCF7 cells, suggesting that cytoskeleton restoration can take part in the anticancer effects of RV. Indeed, Pokorna et al. (1994) described that the malignant phenotype of sarcoma cells correlates with a loss of the actin stress fiber network.
Interactions between tumor cells and their immediate ECM microenvironment regulate many important cellular functions including cell growth and survival, differentiation and metastasis. Epithelial cells and ECM components interact at specialized dynamic regions of the plasma membrane. The best-known class of matrix adhesions are the focal contacts at the cell periphery, which contain several anchor and cytoskeletal proteins, such as integrins, tensin and vinculin, as well as signaling elements, including focal adhesion kinase (FAK), Cterminus Src kinase and PKC (Zamir et al., 1999) . A second class is the tensin-containing fibrillar adhesions mainly located at the cell body, resulting to focal adhesion maturation (Zamir et al., 2000; Zamir and Geiger, 2001 ). In RV-treated MCF7 cells, both tensin and vinculin appeared in numerous arrays of dots in lamellipodial focal complexes. Nevertheless, the prominent localization of tensin inside the cytoplasm is different from the peripheral localization of vinculin. As vinculin is specific of the classical focal contacts, these observations suggest that, in MCF7 cells, tensin is essentially localized in cytoplasmic structures, like fibrillar adhesions. The ability of adenocarcinoma cells to migrate, invade and metastasize in distant organs correlates with a generalized dysregulation of cell adhesion and migration. Interestingly, laser trapping studies using fibronectin-coated beads demonstrated that recruitment of vinculin is linked to adhesion reinforcement (Galbraith et al., 2002) . Here, we demonstrate that RV increased tensin and vinculin staining at focal adhesion sites, as well as cell adhesion by impairing cells to be dislodged by fluid flow stress. As this work was being completed, another group reported that tensin is implicated in the stabilization of the integrin adhesive complex (Torgler et al., 2004) . Both the N-terminal domain binding actin and C-terminal PTB-SH2 domains of tensin provide essential recruitment signals at adhesion sites containing integrins, integrin-linked kinase and talin. The induction of tensin by RV in the present study may connect increased cell adhesion and reorganization of the actin cytoskeleton to the tumor suppressive functions of RV on cellular invasion. Conversely, RV increased by 3574.7% MCF7 cell migration on fibronectin matrix, suggesting that this polyphenol can exert beneficial effects during wound healing, mucosal restitution and inflammatory processes.
In this study, we showed that the dietary compound RV induced a remarkable induction of tensin, a member of the tumor suppressor family of the actin cytoskeleton-associated proteins. In this connection, forced expression of tensin in v-Ha-Ras-transformed NIH3T3 cells was shown to suppress the malignant transformation by blocking anchorage-independent cell growth and restitution of cell contact inhibition (Tikoo et al., 1999) . RV has been causally implicated in the low incidence of breast and prostate cancers among vegetarians and Orientals (Adlercreutz et al., 1992) . Downregulation of tensin has been observed in prostate and breast cancer cell lines and is correlated with disease severity (Chen et al., 2000) , suggesting that the tensin deficiency can be a maker of cancer malignancy in subsets of leukemia and epithelioid tumors. Alteration in binding between p130CAS and the SH2 domain of tensin was previously reported as an important step toward BCR/ABL transformation (Salgia et al., 1996) , since p130CAS also associates with the focal adhesion proteins paxillin and FAK. In conclusion, our data identify the cytoskeletal component tensin as a new target for therapeutic interventions against cancer initiation and progression toward the invasive phenotype. RV may exert beneficial effects as a chemopreventive and therapeutic agent by reverting, at least in part, the malignant phenotype of tensin-negative or -deficient leukemic cells and epithelioid cancers.
Materials and methods
Cell culture
The human erythroleukemia K562 cell line was cultured in RPMI 1640 medium (Gibco BRL, Cergy Pontoise, France) supplemented with 10% fetal calf serum as described previously (Rodrigue et al., 2001) . The human breast cancer cell line MCF7 was grown in Dulbecco's modified Eagle's medium (Gibco BRL) as described (Cavailles et al., 2002) . Where indicated, cells were treated by RV (Sigma, Saint Quentin Fallavier, France) and/or Clostridium botulinum exoenzyme C3T, which ADP ribosylates and inactivates the Rho GTPAses (generous gift from Dr Flatau, INSERM U482 Nice, France), the ROCK inhibitor Y27632 (kindly provided by Yoshitomi Pharmaceutical Industries Ltd, Osaka, Japan) or the PI3-kinase inhibitor LY294002 (Sigma). The histone deacetylase inhibitor TSA was from Sigma.
RFDD-PCR, cDNA sequencing and RT-PCR
K562 cells were incubated for 24 h in the presence or absence of 50 mM RV prior to total RNA extraction with RNAplus reagent (Life Technologies Inc.). RFDD-PCR was performed using display PROFILEt kit (Qbiogene, Illkirch, France). All the PCR-amplified fragments were subcloned into the pCR R 4-TOPO plasmid vector using the TOPO TA cloning kit (Invitrogen, Cergy Pontoise, France). Plasmids were prepared for DNA sequencing using the Nucleospin kit (MachereyNagel, Hoerdt, France). Sequence analyses were performed using an ABI dideoxy terminator cycle sequencer (Applied Biosystems, Courtaboeuf France) and sequence homology searches were made using the BLASTIN file server.
The differential expression of selected fragments was confirmed by semiquantitative RT-PCR using primer pairs corresponding to coding sequences of each specific genes and S14 ribosomal mRNA as internal control. All the PCR reactions were performed in linearity conditions of the reaction, with 0.5 U Taq Gold DNA polymerase (Applied Biosystems) in 50 ml PCR buffer containing 0.5 mmol/l dNTP and [a 33 P]dCTP. After migration of the radioactive PCR products on polyacrylamide gels and autoradiography, the resulting signals were quantified in the linear range using the ImageQuant software package.
Immunoblotting
Cells were treated for various times with RV, and then washed twice with phosphate-buffered saline (PBS). For tensin analysis, total cell lysates were prepared by resuspending cell pellets directly in Laemmli sample buffer (62.5 mM Tris (pH 6.8), 2% sodium dodecyl sulfate and 10% glycerol) and boiling for 10 min. Proteins (500 mg) were then separated on SDS-(5-15%) polyacrylamide gels and transfer to nitrocellulose membranes (Amersham-Biosciences, Saclay, France). Membranes were incubated in PBS-T containing 5% milk solution with a human tensin polyclonal antibody (1 : 1000, a generous gift from Dr Su Hao Lo) or actin antibodies (1 : 20 000; Sigma). Antibody binding was revealed with specific horseradish peroxidase-conjugated secondary antibody and visualized by enhanced chemiluminescence detection (ECL, AmershamBiosciences).
Cell adhesion and invasion assays
Glass cover slides (CML, Nemours France) were coated for 2 h with 50 mg/ml fibronectin (Invitrogen) in a humidified atmosphere at 371C. Nonspecific sites were blocked with 2 mg/ml bovine serum albumin (BSA) in PBS for 1 h. K562 cells were treated for 24-48 h with 100 mM RV. Where indicated, K562 cells were then washed and incubated for an additional 24 h period in RV-free medium (48 h þ 24 h) before adhesion analysis. Pretreated or control K562 cells were plated onto fibronectin-coated glass cover slides and incubated for 2-18 h at 371C and 5% CO 2 . After three washes with warm PBS, adherent cells were fixed for 15 min in PBS containing 3.5% paraformaldehyde before morphology or immunofluorescence analysis. Adherent MCF7 cells were grown to 60-70% confluency on fibronectin-coated 25 cm 3 flasks in the presence or absence of 100 mM RV for 48 h. In order to generate mechanical flow stress conditions, cells were placed for 2 h in a horizontal shaker at room temperature. Cells were photographed on an inverted microscope (10 Â magnification, Nikon Eclipse E300 microscope). For the invasion assays, MCF7 cells were cultured for 48 h in the presence or absence of 50 or 100 mM RV, and then harvested. Assays were performed in Petri dishes filled with 1.35 ml of fibronectin and neutralized type I collagen (Upstate Biotechnology, Lake Placid, NY, USA) and incubated overnight at 371C to allow gelling, as described previously (Vleminckx et al., 1991) . Control and treated cells (0.3 Â 10 6 ) were seeded on the top of the gels in the presence or absence of the proinvasive agent estradiol (10 À7 M).
Invasive and superficial cells were counted in 12 fields of 0.157 mm 2 . The invasion index is the percentage of cells invading the gel over the total number of cells.
Cell morphology and indirect immunofluorescence staining
K562 cells were stained with standard hemalum/eosin and observed under a Zeiss light microscope (Oberkochen, Germany). Cells were permeabilized for 15 min in PBS containing 0.02% Triton X-100 and 1% BSA (Fraction V, Boehringer Mannheim, Germany). Actin polymerization was detected by incubation of the slides for 30 min with TRITCconjugated phalloidin (Sigma) in PBS-1% BSA. Tensin expression was stained using the mAb directed against the chicken protein (1 : 10, 24 h, 41C), from BD Biosciences Transduction Laboratory (Heidelberg, Germany). After three washes in PBS-BSA, the slides were incubated 2 h with the anti-mouse Vectastain Elite secondary biotinylated antibody (Vector Laboratories Elite Biosys, Paris, France). Cells were then washed and stained during 30 min with streptavidin-FITC complex, dilution 1 : 100 in PBS (Amersham-Biosciences). Negative controls were obtained by omitting the first of the two antibodies. For vinculin immunostaining, the slides were incubated for 1 h with vinculin antibody (Sigma) 1 : 100 in PBS-0.5% BSA. Slides were subsequently incubated for 1 h with FITC goat anti-mouse IgG (Immunotech, Marseille, France). Slides were mounted using the Vectashield-diamidino-phenylindole medium (DAPI, Vector, Burlingame, CA, USA). Cells were examined by fluorescence microscopy or BIO-RAD MRC-1024 ES confocal system. Images were obtained by LaserSharp-Processing.
Flow cytometry analysis
K562 cells were cultured in the presence or absence of RV under the 48 h and 48 h þ 24 h conditions, and analysed by flow cytometry in a FACStar (Becton Dickinson) for expression of CD49e (integrin a5) or CD29 (integrin b1), using antibodies purchased from Immunotech, Coulter Company (Marseille, France). Nonspecific staining was detected using irrelevant IgG1 and IgM MoAbs.
